Experimental results obtained in the UCI and GRC facilities, on noise reduction due to flow deflectors applied in the fan stream of a separate-flow nozzle, are compared. The nozzles involved in the former facility are geometrically similar but about 8 times smaller than those in the latter. In general, there is good agreement in the effect of the deflectors observed in the two facilities. For a bypass ratio 8 nozzle, the changes in the noise spectral characteristics effected by two pairs of vanes are found to be essentially identical. The overall noise attenuation (in terms of effective perceived noise level) is up to 0.4 EPNdB for this nozzle. For a lower bypass ratio nozzle, on the other hand, significantly more attenuation is observed, however, the attenuation in the GRC facility (1.8 EPNdB) is not as pronounced as observed in the UCI facility (3.1 EPNdB). Possible reasons for the discrepancy are discussed.
tory (AAPL, also referred to as the 'Dome') at GRC. The objective was to verify and further investigate the noise reduction in nozzles with realistic engine exhaust conditions.
The GRC experiment was completed in late 2005 . A large segment of the effort was devoted to a parametric study of the noise reduction with a bypass ratio of 8 nozzle (referred to as '5BB'). 5 In order to compare with the UCI results, data were also obtained for the 3BB nozzle. Geometrically similar wedge and vane configurations were tested to compare with the results obtained earlier at UCI. Limited results of the wedge effect were included in Ref. 6 . While a 'design of experiments' matrix was followed in the GRC experiment to optimize the vane configuration with the 5BB nozzle, 5 the configurations tested for the 3BB case were not the result of optimization. The objective of the present paper is to document and discuss the comparative results for the 3BB as well as the 5BB nozzles. The aim is to identify conditions under which there was agreement with the UCI data, conditions under which there was disagreement, and provide an analysis and discussion.
Experimental Procedures
A photograph of the 3BB nozzle used in the GRC experiment is shown in Fig. 1(a) . The corresponding small-scale nozzle used in the UCI experiment is shown in Fig. 1(b) . The latter was fabricated by stereo-lithography technique. The two nozzles are geometrically similar except for the nozzle lip and some of the wall thicknesses that are relatively larger in the UCI case because of the small size. The GRC nozzle with 'fan diameter', D f = 24.46 cm, is about 8 times larger than the UCI nozzle ( Table 1 ). The data shown in this paper pertain to a 'take-off condition' with pressure and temperature ratios (NPR and NTR, respectively) as listed in Table 2 . While the pressure ratios were the same in the UCI experiment as in the GRC case, the temperature effect (i.e., density effect) was simulated by helium-air mixture. Figure 2 shows a schematic of the nozzle fitted with vanes and a wedge. Also shown in this figure are the definitions of the polar angle ( ) and the azimuthal angle ( ) for the location of the microphone measuring the far-field noise. The notation is also used for the azimuthal location of the vanes within the fan stream. For the vanes case, two pairs are employed. The upper pair is positioned at 1 = 110°, and the lower pair at 2 = 70°, relative to the bottom-dead-center. The angles-of-attack of the upper and lower pairs are denoted by 1 and 2 , respectively. NACA0012 airfoil shapes, with chord lengths of 3.35 cm, are employed in the GRC experiments. The vanes were simply flat plates with rounded leading edge in the UCI case. The wedge considered in this study is 'internal', filling the annular passage with its base located at the fan nozzle exit. It has an 11 degree half-angle. The microphone location and other pertinent parameters for noise measurement are listed in Table 1 . Figure 3 compares sound pressure level spectra from the two facilities for both the 3BB and the 5BB nozzles. These data are for the 'baseline' case, (denoted 'Bsln' in the figure legends), without the application of any flow deflection device. The data shown are corrected for atmospheric attenuation. 7 All data are reduced and referenced to the GRC fan diameter and 0. Here, r is the distance of the microphone from the nozzle, D is the diameter of the nozzle and subscripts '1' and '2' pertain to GRC and UCI facilities, respectively. The sets of data in Fig. 3 are for the polar location, =30°. The upper pair of curves is for the 3BB nozzle. (The amplitudes are larger since it involves a lower bypass ratio. The core nozzle diameter is larger with this nozzle (Table 2) ; thus the mass flow rate for the high-speed core flow is larger yielding more noise.) It can be seen that despite a large difference in the nozzle sizes the overall agreement between data from the two facilities is good. The peak amplitudes are within 1.5 dB and the general spectral shapes agree well. However, there are differences, especially on the high frequency end. The UCI data for the 3BB case exhibit higher noise in the frequency range of 1-10 kHz. This affects the prediction for scaled-up effective perceived noise levels (EPNL), as discussed further in the text. Comparatively, the agreement between the two facilities for the 5BB case is excellent. The two curves are practically identical on the high frequency end. Similar comparison at =90°show good agreement on the high frequency end for both nozzles. However, the 5BB case exhibits higher noise on the low frequency end, as further discussed later.
Results and Discussion
Except for the UCI 3BB case, the spectral traces in Fig. 3 exhibit a change of slope around 5kHz. Figure 4 examines if 'rig noise' contributed to this for the GRC data. The jet noise spectrum, as measured, is compared in this figure with the rig noise spectrum. The latter is obtained by taking the nozzle off while maintaining approximately the same mass flow rate. The 'free jet' exit through which the flow exhausted had an area 2.7 times larger than the fan nozzle area; thus the velocity for the rig noise case was smaller by approximately the same factor. It can be seen that the rig noise is at least 10dB lower up to about 10 kHz. Thus, the change in slope around 5kHz, noticeable also in the raw spectrum (solid curve, Fig. 4 ), appears to be real and not due to rig noise. Note that the jet noise amplitudes are lower than the rig noise at high frequencies apparently because the nozzle cuts off the transmission of high frequency internal noise. Note furthermore that there is a sharp drop-off in the amplitudes at high frequencies due to atmospheric attenuation. This is corrected for in the spectra shown in Fig. 3 as well as all spectral data shown in the following. (It should be noted that for some of the cases in the GRC experiment the spectra contained a tone at about 3 kHz due to flow over a screw-hole. The source was clear since the tone went away when the hole was covered with adhesive tape. However, because of the hot core flow conditions, the hole had to be left uncovered for the rest of the experiment. It was determined that the tone had negligible effect on the spectral shapes as well as on the calculated EPNdB values. This is to be discussed further in Ref. 9 . In the present paper the tone has been simply taken out from the spectra for clarity using a suitable algorithm.)
The effect of the wedge on the 3BB nozzle, observed in the two facilities, is now compared in Figs. 5-7. Sound pressure level spectra at = 30°are shown in Fig. 5 . Data for two azimuthal measurement locations ( , Fig. 2 ) are compared with the baseline data. Upper and lower figures are for the UCI and GRC cases, respectively. A similar noise reduction is observed in both facilities, for both 'flyover' ( =0°) and 'sideline' ( =60°) locations. The amplitude reduction is somewhat less in the GRC facility; for f > 4 kHz the amplitudes are practically identical with or without the wedge. At =90° (Fig. 6 ) the comparison is not favorable; the wedge has resulted in significantly higher noise in the GRC facility. These trends are reflected in the directivity plots (overall sound pressure level versus ) shown in Fig. 7 . Noise reduction is achieved by the wedge over most of the polar locations in the UCI facility. There is a 'cross-over' in the amplitudes at 100°with slightly higher noise at yet larger . In comparison, the crossover occurs at 70°in the GRC experiment and noise is significantly higher at large . At small , however, the amplitudes agree quite well between the two facilities. Also indicated in the legend of the directivity plots are the EPNL values calculated from the spectral data. In the calculation, a flight Mach number of 0.28 is invoked at a flyover height of 457 meters with a scale-up factor of 7.8. The data indicate a reduction by 3.9 EPNdB in the UCI facility whereas by only 0.8 EPNdB in the GRC facility. Figure 8 compares spectral data for the 3BB nozzle with and without 4 vanes, at =30°, in a similar manner as in Fig. 5 . The vane configuration in this case, denoted as '4V' in the legend, involves two pairs located at the azimuthal locations ( ) of 70°and 110°. The upper and lower pairs have angles-of-attack of 10°and 15°, respectively. The graph on the top compares the vane effect for the UCI experiment. Corresponding result for the GRC experiment is shown in the lower graph. For the vane cases, the microphone location is at =0°, on the side where the annular stream is diverted. It is found that the overall trend for the vane effect is quite similar in the two experiments. However, as with the wedge, the amplitude reduction is somewhat less in the GRC facility. The amplitudes are almost identical for f>7kHz in the GRC experiment whereas the reduction persists up to the highest frequency covered in the UCI experiment. Corresponding spectral data for the polar location =90°( microphone at =0°) are shown in Fig. 9 . Here, the vanes have produced somewhat higher noise levels, relative to the baseline case, and the effect is essentially identical in both facilities. Figure 10 presents the directivity plots with and without the vanes. It can be seen that the noise reduction is pronounced at shallow polar locations. There, the reduction is somewhat less in the GRC case. With increasing , as in the wedge case, there is a cross-over in the amplitudes and the noise is higher with the vanes. The crossover location is at 60°in the GRC case as opposed to 75°in the UCI case. The UCI data exhibit a reduction of 3.1 EPNdB. The corresponding reduction for the GRC data is 1.8 EPNdB.
The effect of a vane configuration for the 5BB nozzle is similarly presented in Figs. 11, 12 and13. In the GRC experiment detailed data were obtained for the effect of two pairs of vanes following a 'design of experiments' (DOE) matrix, with angle-of-attack ( ), azimuthal location ( ) and axial location (x) of the vanes being variables. Three configurations from this matrix were also investigated at UCI. Whereas the 3BB case results, obtained earlier at UCI, prompted the GRC experiment, the UCI data with the 5BB nozzle were obtained after the GRC experiment. This was done in an effort to further explore facility dependence of the results. The angles-of-attack of the vanes for the 5BB case together with those for the 3BB '4V' case are listed in Table 3 . The data shown in Fig. 11-13 are for the '4V #3' case. In Fig. 11 , once again, the effect of the vanes is similar in the two facilities with less pronounced effect on the high frequency end in the GRC case. The relative effects at =90° (Fig. 12) agree quite well. Referring back to the discussion of Fig. 3 , note that the UCI data at this polar location exhibit higher noise with symptoms of reflections on the low frequency end. However, in the EPNL calculation the difference at the low frequencies does not weigh in. The directivity data compared in Fig. 13 exhibit good agreements between the two facilities. Note, however, that the vanes have produced little or no reduction in the EPNL in either facility (0.3 EPNdB for UCI and 0 for GRC). The best vane case from the DOE matrix in the GRC (5BB) experiment yielded 0.4 EPNdB reduction. 5 As listed in Table 3 , three vane cases with the 5BB nozzle were investigated at UCI. The directivity plots for the 3 cases are shown in Fig. 14. Corresponding GRC results are shown in Fig. 15 . For these GRC data, the trailing edge of the vane (with =0) was located at 0.5 chord upstream from the fan nozzle exit. This was approximately the case in the UCI experiment. The data for vane case #3 show an increase in the amplitudes at large polar angles in the GRC experiment. However, the trends seen in Figs 14 and 15 , particularly at shallow angles, are in excellent agreement between the two facilities. Considering the fact that noise measurements are often sensitive to small differences in the facility conditions, the agreement in the trends with varying angles-of-attack is quite remarkable. Note from the numbers in the legend that while the observed effects match very well, reductions in EPNL range only up to 0.4 dB (GRC case #2).
Flight effect on the noise reduction by the vanes is shown in Figs. 16 and 17, with data from the GRC experiment. While the flight effect is simulated with a free jet in the GRC facility, all UCI results are for zero flight Mach number. In However, the amplitudes with flight are significantly lower. With flight, the relative increase in the amplitudes at large is more and the cross-over location has shifted to lower . This manifests in a smaller decrease in EPNL. While the reduction in the static case is 1.8 EPNdB it is only 0.7 EPNdB with flight. Figure 17 shows the flight effect on the vane cases of Fig. 15 . A similar observation can be made as with Fig. 16 .
Thus, the noise reduction observed with the flow deflectors appears to diminish with flight. It is also clear that the effect of the flow deflectors is more pronounced when the bypass ratio is lower (significant effect with 3BB but small effect with 5BB). It can be reasoned that with increasing bypass ratio, the effect of the deflectors ought to diminish. Since the fan flow is deflected on the observer side, ideally the least noise achievable should approach that of the fan stream alone (with core flow completely silenced). With high bypass ratio, the noise from the core flow is relatively less. Thus, the amount that can be attenuated is less to begin with. (In the limit of infinite bypass ratio, with zero core flow, the noise is solely from the fan stream and simply shifting it with the deflectors should not make a difference in the noise.) This is borne out by further data obtained in the GRC experiment with a bypass ratio13 case. There is a systematic reduction in the effect with increasing bypass ratio from 5 to 8 to 13. The GRC experiment covered many more cases. In addition to the DOE matrix with the vanes for the 5BB nozzle, wedges of different geometry, different internal plug configuration as well as a case of non-concentric fan nozzle, all with and without flight, were investigated. Further results will be presented in a future paper. 9 The results obtained for the 3BB nozzle in the UCI and the GRC facilities differed in the amount of noise reduction. The reductions observed at GRC were less. Recall, for example, with the '4V' case (Fig. 10 ) the GRC data showed 1.8 EPNdB reduction as opposed to 3.1 at UCI. The discrepancy with the 3BB case is thought to be partially due to differences in the baseline data that were somewhat noisier in the UCI experiment. Referring back to Fig. 3 , recall that the (UCI) amplitudes were larger in the frequency range of 1-10 kHz. When scaled up for EPNL calculations, these higher amplitudes weigh in. Figure 18 further explores the sources of the difference. 'Noy' spectra (spectra filtered to account for human perception, leading to EPNL calculation) are compared between the two facilities. Data are shown for four polar locations. The comparisons agree well for the larger polar locations (72°and 91°). However, the reduction in the amplitudes in the UCI case is more at the two smaller polar locations (30°and 52°). From similar plots at several more locations it is inferred that that the difference in the EPNL values is contributed to mostly from data in the -range of 30°-60°. Note that the amplitudes with the vanes (blue dotted curves) are relatively comparable between the two facilities. The amplitudes for the baseline case (red solid curves) are larger in the UCI case. This manifested in a larger noise reduction in the UCI experiment.
Why is the 3BB baseline case noisier in the UCI facility? It is conjectured to be due to differences in the detailed geometries of the nozzles in the two experiments. The UCI 3BB nozzle was fabricated about 3 years ago when the fidelity in the stereo-lithography process employed there was not as good as today. For example, because of the small dimensions, the relative thickness of the nozzle lip was larger than that in the GRC nozzle. The core nozzle lip-thickness to fan-diameter ratio in the GRC cases is 0.0033 while that in the UCI 3BB case is 0.025. The UCI 5BB nozzle, on the other hand, was fabricated later when the fabrication process improved. The lip-thickness to fandiameter ratio was reduced to 0.013. Also, the contours (flow lines) of the nozzles for the 5BB case were replicated with better fidelity. As a result, even though the noise reduction is not much, the comparative effects observed at the two facilities for the 5BB nozzle are more favorable. This is further illustrated with the Noy spectra in Fig. 19 , presented in a similar manner as in Fig. 18. 
Concluding Remarks:
Experimental results obtained in UCI and GRC facilities, on noise reduction due to flow deflectors, have been compared. The nozzles involved in the latter facility are geometrically similar but roughly 8 times larger than those in the former. Results are presented for two different nozzle configurations having bypass ratio of 5 (3BB) and 8 (5BB). The vanes did not produce significant noise reduction with the 5BB nozzle in either facility. Both vanes and a wedge produced significant noise reduction for the 3BB nozzle. The reduction in spectral amplitudes was similar at shallow angles, in either facility. However, the GRC data showed little effect at high frequencies. Also, at locations perpendicular to the jet axis the comparison was poor for the wedge case. There, the spectral amplitudes were significantly larger with the wedge in the GRC case. Thus, in EPNL scale whereas the UCI data yielded a reduction by 3.9 EPNdB, the GRC results showed a reduction of only 0.8 EPNdB. A better comparison was noted for the effect of two pairs of vanes with the 3BB nozzle. The GRC data showed 1.8 EPNdB reduction as opposed to 3.1 at UCI. The discrepancy with the 3BB case is thought to be due to differences in the baseline data that were somewhat noisier in the UCI experiment. The higher noise is thought to be due to differences in the detailed geometry of the nozzle. The UCI 3BB nozzle was fabricated several years ago when the method of fabrication employed did not replicate the nozzle accurately. The 5BB nozzle, on the other hand, was fabricated recently with improved technique. The effects of the vanes were studied for this nozzle and found to be very similar in the two facilities. Thus, even though the overall noise attenuation was not as much as with the 3BB case, the trends in the spectral changes due to the flow deflectors were found to be essentially identical in the two facilities. These results provide reassurance that small scale experiments, with sufficient care, can be valid and useful in jet noise studies. The results presented in this paper also support the validity of significant noise reduction with flow deflectors for moderate-or low-bypass ratio nozzles. 
